When steady state pressure-flow relations are studied in the circumflex coronary artery, pressure gradients develop between it and other branches of the left coronary artery. To assess the effects of these pressure gradients, we compared the pressure axis intercept and shape of steady state circumflex pressure-flow relations in the presence and absence of gradients after autoregulation was abolished, both in the beating heart and during long diastoles in dogs. We used peripheral coronary pressures and radionuclide-labeled microspheres to assess arterial collateral flow. In the beating heart, interarterial pressure gradients reduced the curvature at low circumflex pressures, and overestimated the mean pressure axis intercept by 7.8 mm Hg (P < 0.05). The results were similar for the pressure-flow relations derived during long diastoles. This overesrimation exaggerates the difference between the pressure axis intercept and coronary sinus pressure. The peripheral coronary pressure and microsphere results indicate that these effects are mediated largely by arterial collateral flow.
CORONARY arterial pressure-flow relations have been used to investigate the physical forces that regulate coronary blood flow (Cross et al., 1961; Downey and Kirk, 1975; Bellamy, 1978) . The pressure axis intercept of these relations has been interpreted as the downstream pressure opposing forward flow in the coronary circulation; however, this pressure has greatly exceeded the coronary sinus pressure, which traditionally has been assumed to be the downstream pressure. The shape of these relations, found to be linear by some (Dole and Bishop, 1982; Eng et al., 1982) but curvilinear by others (L'Abbate et al., 1980; Klocke et al., 1981) , is thought to convey information about the conductance of the coronary circulation. Because of this variability of the pressure axis intercept and the shape of coronary arterial pressure-flow relations, the physiological significance of both remains uncertain.
One factor that might account for this variability is the specific coronary artery in which the pressureflow relation is obtained. In our laboratory, we have consistently found that the pressure axis intercept of a steady state circumflex pressure-flow relation (Verrier et al., 1980; Vlahakes et al., 1982) is much higher than that in a steady state left main coronary arterial pressure-flow relation (Rouleau et al., 1979; Uhlig et al., 1984) . A possible explanation for the higher pressure axis intercept of the circumflex pressure-flow relation may be that when circumflex pressure is selectively lowered below that in the other branches of the left coronary artery, interarterial pressure gradients occur and are accompanied by collateral flow that is not measured by the upstream flow transducer. This error in measurement could underestimate total circumflex flow and thus overestimate the pressure axis intercept. Whether these pressure gradients also affect the shape of a circumflex pressure-flow relation is unknown.
To assess the effects of interarterial pressure gradients on the pressure axis intercept and the shape of steady state circumflex arterial pressure-flow relations, we compared circumflex pressure-flow relations in the presence and absence of left coronary interarterial pressure gradients, both in the beating heart and during long diastoles in dogs. In a second series of experiments, we used radionuclide-labeled microspheres to determine whether the effects of interarterial pressure gradients on steady state circumflex pressure-flow relations can be explained by collateral flow across those gradients.
To eliminate the confounding influences of changing smooth muscle tone on our results, we conducted all experiments in the absence of autoregulation. Methods
Surgical Preparation
Experiments were done on 16 mongrel dogs weighing 26-38 kg. After anesthesia was induced by sodium thio-pental (25 mg/kg, iv) each dog was ventilated with halothane (0.75%-1.0%) and oxygen was delivered by a Harvard respirator through a cuffed endorracheal tube. Pancuronium bromide (0.05 mg/kg, iv) was given for muscle relaxation. Arterial blood gases were analyzed frequently. Tidal volume and respiratory rate were adjusted to maintain the Paco 2 between 20 and 30 torr, the Pao 2 at about 100 torr, and the pH between 7.39 and 7.45. Core temperature was kept at about 37.5°C by a heating blanket and an infrared lamp.
A left thoracotomy was performed, and the left main, septal, and proximal coronary arteries were carefully dissected free from surrounding connective tissue. After pacing electrodes were sewn to the right ventricular free wall, heart block was induced by injecting 40% formalin into the atrioventricular node (Steiner and Kovalik, 1968) . Silastic pressure catheters (0.275 mm i.d., 0.625 mm o.d.) were inserted into the distal circumflex artery and into the coronary sinus by a modified Herd-Barger technique (Verrier et al., 1980) . Solid state pressure transducers (Millar Instruments, 7F) were inserted into the descending aorta via the left femoral artery and into the left ventricle via a purse-string suture in the left atrial appendage.
After sodium heparin (10,000 U, iv) was given, blood was pumped from the right femoral artery into a pressurized reservoir by a Sarns roller pump ( Fig. 1 ). Reservoir pressure was controlled by a Fairchild pressure regulator fed from a compressed air source. Arterial blood flowed from the reservoir through a segment of Tygon tubing into a stainless steel cannula that was inserted into the left main coronary artery via the left subclavian artery and secured with a silk ligature. While the cannula was being positioned, care was taken that the septal artery remained adequately perfused. Pressure was measured at the tip of the cannula through a small stainless steel tube fixed to its inner wall. The circumflex artery was ligated just distal to the bifurcation of the left main coronary artery and cannulated with a short stainless steel cannula; this cannula was connected to the common pressure reservoir by a segment of Tygon tubing containing a cannulating flow transducer (Howell Instruments).
The flow transducer was connected to a Narcomatic RT 500 flowmeter. All fluid-filled catheters were connected to Statham P23Db pressure transducers; zero was set at mid-chest level. Data were recorded on an eight-channel polygraph (Beckman R612) and simultaneously on FM magnetic tape. These tape-recorded signals were subsequently digitized at 5-msec intervals and analyzed (Horowitz and Glantz, 1979; Horowitz, 1980 ) by a digital computer (PDP 11/70, Digital Equipment Corporation) .
After the surgical procedure was completed, chromonar (10 mg/kg, iv) was given to abolish autoregulation. Repeated tests for the absence of reactive hyperemia after a 15-second coronary occlusion were made throughout the experiment. Additional chromonar (5 mg/kg, iv) was given as needed.
Pressure-Flow Relation Protocol
In the pressure-flow relations studied when gradients were absent, pressures in all branches of the left coronary artery were altered simultaneously by changing common reservoir pressure. The small pressure drop across the inflow tubing was similar in each circuit, so a reduction in reservoir pressure decreased pressures similarly in the left main and the circumflex coronary arteries. In the pressureflow relations studied when pressure gradients were present, circumflex pressure was changed independently by The effects of interarterial pressure gradients on steady state circumflex pressure-flow relations in the beating heart were examined in nine dogs. The ventricles were paced at 100 beats/min. To obtain each pressure-flow point, we first set the mean circumflex pressure to the desired level and then, after a steady state was reached, recorded the data. In each dog, one pressure-flow relation was obtained without interarterial pressure gradients and two were obtained when there were gradients, mean left main pressure was held constant first at 80 mm Hg and then at 100 mm Hg. If the preparation remained stable, additional pressure-flow relations were generated over a wide range of left main arterial pressures.
The effects of interarterial pressure gradients on steady state circumflex pressure-flow relations during long diastoles were examined in five dogs. We first set the mean circumflex pressure to the desired level and then arrested the heart by turning off the pacemaker; measurements were made after a steady state was reached, usually within 2-3 seconds. One pressure-flow relation was obtained without interarterial pressure gradients and the other when they were present while mean left main pressure was held constant at 100 mm Hg.
We noted a close correlation between the pressure axis intercept and the peripheral coronary pressure of the pressure-flow relations obtained when there were pressure gradients in our preliminary experiments. Because the peripheral coronary pressure is an indirect measurement of the collateral flow rate into the occluded bed (Kattus and Gregg, 1959) and depends on the perfusion pressure in the surrounding, normally perfused arteries, in each dog we determined the relationship between the circumflex peripheral coronary pressure and a wide range of left main arterial pressures by setting the left main coronary artery to a constant pressure, clamping the circumflex perfusion circuit, and then measuring the peripheral coronary pressure.
The occlusive zero of the flow transducer and zeros for the pressure channels were checked before and after each pressure-flow relation was determined. The cannulating flow transducer was calibrated by pumping the dog's blood through the perfusion circuit and timing the collection in a graduated cylinder.
Microsphere Protocol
To measure collateral flow rates, six mongrel dogs were studied; in four of these dogs pressure-flow relations during long diastoles had been examined. In each experiment, 3.0 X 10 5 to 5.0 X 10 5 microspheres 15 nm in diameter were injected into a port (Fig. 1 ) of the left main perfusion circuit, using standard techniques (Heymann et al., 1977) . The microsphere injection port was distal to the origin of the circumflex perfusion circuit from the common reservoir, so no microspheres could enter the origin of the circumflex artery.
After chromonar was given to abolish autoregulation, mean left main and circumflex pressures were both set to 100 mm Hg, and the first set of microspheres was injected when left coronary interarterial pressure gradients were absent. For the subsequent injections, the left main coronary arterial pressure was kept at 100 mm Hg and the circumflex pressure was lowered independently by adjusting the screw clamp on the circumflex perfusion circuit. Six additional sets of microspheres were injected over the same range of left coronary interarterial pressure gradients as examined during the construction of a circumflex pressure-flow relation.
Starting immediately before and continuing for 2 minutes after the microsphere injection, a reference blood sample was collected from the most distal port of the left main cannula. In addition, starting immediately before and continuing for 3 minutes after the injection, a blood sample was collected from the circumflex perfusion circuit to verify that no microspheres entered the circumflex artery by reflux from their site of injection.
At the end of the experiment, the circumflex, left main, and right coronary arteries were cannulated separately and perfused with red, blue, and green dye, respectively, at a constant perfusion pressure of 100 mm Hg. The heart then was fixed in 10% formalin. When the heart was cut, the region supplied by the circumflex artery was identified by its red dye, and the center of this region was cut into pieces, placed in vials, and, along with the reference blood samples, counted in a well scintillation counter. The flow rates were calculated as previously described .
Analysis of Data
Linear and quadratic regressions of mean circumflex flow on mean circumflex pressure were determined for each pressure-flow relation, and the pressure axis intercepts were calculated both by linear regression and by determining the positive root of the best fit quadratic equation. The linear and quadratic regressions were compared by an analysis of variance.
Differences between the pressure axis intercepts of the pressure-flow relations in the beating heart were tested by a one-way analysis of variance and the Newman-Keuls test for multiple comparisons (Zar, 1974) . Differences between the pressure axis intercepts of the pressure-flow relations measured during long diastoles were tested by a paired f-test.
All data are expressed as mean ± SD.
Results
In all circumflex pressure-flow relations curvature was seen over the entire range of circumflex perfusion pressures examined (Fig. 2) , each curve being significantly better fit by a quadratic than by a linear regression equation (P < 0.05). The pressure axis intercept of a pressure-flow relation was consistently lower when calculated from its quadratic than from its linear regression equation. For the beating heart, the mean differences were 6.1 ± 2.1 mm Hg when interarterial gradients were absent and 4.6 ±1.4 mm Hg when they were present; during long diastoles, the mean difference was 3.9 ± 1.3 mm Hg when gradients were absent and 2.1 ± 1.2 mm Hg when they were present. All pressure axis intercepts reported below were obtained from the quadratic regression equations. Left coronary interarterial pressure gradients significantly affected the pressure axis intercept and the shape of the pressure-flow relations, both in the beating heart and during long diastoles ( Fig. 3 ; Table  1 ). Over the higher .range of circumflex arterial perfusion pressures, when interarterial pressure gradients were small, the pressure-flow relation obtained when pressure gradients were present was nearly superimposible on that obtained without them (Fig. 3A) ; however, below a perfusion pressure of about 40 mm Hg, when the interarterial pressure gradients were large, the two pressure-flow relations diverged. Less flow was measured at the same perfusion pressure when gradients were present than when they were absent, so that the pressure-flow relations had less curvature and intercepted the pressure axis at a higher pressure when pressure gradients were present ( Fig. 3A; Table 1 ). This over-estimation of the pressure axis intercept exaggerated the difference between the pressure axis intercept and coronary sinus pressure (Table 1) .
As the set constant pressure of the left main cannula was increased, the corresponding pressureflow relation had less curvature and a higher pressure axis intercept than did one obtained at a lower constant left main pressure ( Fig. 3B ; Table 1 ). In fact, the pressure axis intercept varied linearly with left main coronary arterial pressure, as can be inferred from the following relationships. For a given pressure-flow relation, the calculated pressure axis intercept was nearly identical to the peripheral coronary pressure, the plot of these variables approximating a line of identity (Fig. 4A) . In turn, the peripheral coronary pressure varied linearly with the left main arterial pressure in each dog [mean correlation coefficient = 0.956 (0.092), mean slope = 0.13 (0.041)] (Fig. 4B) .
In the microsphere experiments, collateral flow into the circumflex artery was found when forward flow was still present. Furthermore, collateral flow was measured over the same range of pressure gradients (60-85 mm Hg) in which the pressureflow relations in the presence of gradients differed from those derived in their absence. In all dogs, as the gradient increased, the collateral flow rate also increased (Fig. 5 ). The mean collateral flow during occlusion for all six dogs was 0.13 ml/min per g. Finally, in the four dogs in which microspheres were given and pressure-flow relations during long dias- toles were determined, when the difference between intercepts was large, a high collateral flow rate was measured, and when this difference was small, a low collateral flow rate was measured.
Discussion

Critique of Methods
To avoid errors from assessing pressure axis intercepts by extrapolation (Klocke et al., 1981) we included in each pressure-flow relation points at very low pressures and flows, down to zero flow.
We excluded two potential sources of error in our collateral flow measurements. First, the dyeing technique and cutting scheme we used ensured that we were not counting microspheres in the normally perfused tissue bordering the collateral-dependent area. These procedures were effective because the mean collateral flow rate measured during acute circumflex occlusion in this study (0.13 ml/min per g) is even less than rates of 0.21 ml/min per g found by Gottwik et al. (1983) , and similar to rates obtained in experiments in which the exclusion of the normally perfused tissues was confirmed by microscopic analysis of the cut tissues (Hirzel et al., 1976) . Furthermore, studies by Gottwik et al. (1983) and Yellon et al. (1981) showed that, within the ischemic zone, the collateral flow rate per gram of tissue is similar from region to region, provided that the border zone has been excluded. Second, we believe that no microspheres entered the collateral-dependent bed of the circumflex artery anterograde by reflux from the site of injection because we did not detect radioactivity in the blood collected from the circumflex perfusion circuit. In addition, we detected no collateral flow during the microsphere injections made when the gradients were small (under 60 mm Hg) or absent. At low collateral flows, the numbers of microspheres entering the circumflex vascular bed were often small: in seven flow measurements there were more than 400 microspheres, in nine there were between 100 and 400 microspheres, and in four there were under 100 microspheres. Although small numbers of microspheres decrease the precision of flow measurements (Buckberg et al., 1971 ) the results are unbiased. Furthermore the larger collateral flows at complete circumflex occlusion would have had the most precise measurements. Although we did not control or measure collateral flow from the right coronary artery into the coronary artery, this flow is small (Murray and Vatner, 1980) and, therefore, unlikely to have affected our results. Furthermore, any differences due to collateral flow in our studies would have been even greater than those observed if we had excluded collateral inflow from the right coronary artery.
Finally, we believe that it is unlikely that the size of the vascular bed supplied by the circumflex artery changes when gradients are present and when they are absent because the collateral vessels enter the arterial tree upstream from the capillary bed (Schaper, 1971 ). In addition, the capillaries of a given vascular bed are end capillaries and do not anastomose with capillaries of adjacent beds (Okum et al., 1979) .
Effects of Interarterial Pressure Gradients
Our results show that pressure gradients occurring during the determination of steady state circumflex pressure-flow relations in the absence of autoregulation cause overestimation of the pressure axis in-tercept and reduce the curvature of that relation both for the beating heart and during long diastoles ( Fig. 3; Table 1 ). The magnitude of these changes depends on the perfusion pressure in the left main coronary artery ( Fig. 3B; Table 1 ). When steady state circumflex pressure-flow relations are determined, the perfusion pressure in the other branches of the left coronary artery is usually not controlled, as it was in our experiments, but rather is the prevailing aortic pressure. Thus, in most experiments, the pressure axis intercept and the curvature of a steady state circumflex pressure-flow relation vary with the prevailing aortic pressure, thereby accounting for some of the variability of reported results.
The difference between peripheral coronary pressures or pressure axis intercepts obtained from the circumflex coronary artery when pressure gradients are present and from the left main coronary artery has not been discussed before. (It should be emphasized that the pressure axis intercepts and peripheral coronary pressures should be similar, as shown in Figure 3 , because the pressure during complete coronary occlusion is indeed the lowest point on the pressure-flow curve.) In the isolated circumflex coronary artery, pressures of 14-30 mm Hg have been reported for peripheral coronary pressures (Mosher et al., 1964; Fam and McGregor, 1964; Elliot et al., 1968; Fam and McGregor, 1969; Elliot et al., 1974; Gould et al., 1975) and for pressure axis intercepts (Bellamy, 1978; Verrier et al., 1980; Vlahakes et al., 1982; Dole and Bishop, 1982) . On the other hand, in the left main coronary artery, Eng et al. (1982) found an average pressure axis intercept of 10.7 ± 2.4 mm Hg, close to our mean value of 8.1 mm Hg; had they used curvilinear rather than linear extrapolation, their intercept would have been even lower. Pressure-axis intercepts in this range were also described by Rouleau et al. (1979) and by Uhlig et al. (1984) .
We believe that the most likely cause for the effects of the interarterial pressure gradients was the occurrence of collateral flow that entered the circumflex bed when pressure in the circumflex artery was selectively lowered below that in the other branches of the left coronary artery. Because this collateral flow entered the circumflex artery distal to the flow transducer, it was not recorded. Any collateral flow across these pressure gradients would increase circumflex arterial pressure, resulting in a higher pressure for the same flow as measured by the upstream flow transducer when gradients were present than when they were absent. Ultimately, the pressure axis intercept would appear to be raised above its true value and the curvature over the lower part of the pressure-flow relation would be reduced.
The above hypothesis is supported by several findings. First, collateral flow was found when there was still forward flow in the circumflex artery, and it occurred over the same range of pressure gradients as that over which the two types of pressure-flow relations diverged (Fig. 5) . Second, the collateral flow rate was related to the difference between the intercepts of the pressure-flow relations derived in the absence and in the presence of gradients. Third, for the pressure-flow relations obtained when pressure gradients were present, peripheral coronary pressure, which is directly related to collateral blood flow (Fam and McGregor, 1964; Elliot et al., 1968 Elliot et al., , 1974 was closely correlated with the left main coronary pressure (Fig. 4B ). Finally, support comes also from studies in swine which normally have very little collateral coronary flow (Fedor et al., 1978; Millard, 1980; Sjoquist et al., 1984) . If our hypothesis about the influence of collateral flow on pressure axis intercept is correct, there should be little difference between pressure axis intercepts or peripheral coronary pressures in the left main coronary artery or in one of its branches in swine; Bellamy and O'Benar (1984) noted that flow stopped at a left main coronary arterial pressure of 13 ± 5 mm Hg, whereas Pantely et al. (1984) observed a pressure axis intercept of 12.1 ± 3.1 mm Hg in the left anterior descending coronary artery.
One question remaining is whether the collateral flow measured by the microspheres is sufficient to account for the entire difference between pressureflow relations determined in the presence and in the absence of pressure gradients. We examined this question first by looking at maximal differences between flows for the two types of pressure-flow 17 relations; this maximal difference occurs at the pressure at which the pressure-flow relation determined when gradients are present reaches zero flow, that is, at complete occlusion. Thus, in Figure 3A , in the pressure-flow relation determined when there were gradients, there was no flow at a circumflex pressure of 18 mm Hg, but there was a flow of 18 ml/min at the same circumflex pressure when gradients were absent. This implies that the collateral flow rate would have had to be 18 ml/min to account for the difference between the two pressure-flow relations. The mean maximal difference in flow rates for all the pressure-flow relations derived in the beating heart at a left main pressure of 100 mm Hg was 11 ml/min. Collateral flow rates of this magnitude in the acutely occluded canine circumflex artery have been described: 11.3 ml/min in dogs weighing 16 kg (Scheel et al., 1980) , 20.8 ml/min in dogs weighing 16-24 kg (Schaper et al., 1976) , and 21.1 (11.8) ml/min per 100 g (Gottwik et al., 1984) in dogs weighing 24-32 kg. In our microsphere experiments, the collateral flow rate was also of this magnitude. Because our microsphere measurements are in ml/ min per g, we converted the mean flow rate of 11 ml/min to ml/min per g, as follows. Total heart weight, known for three of the six dogs studied, averaged 209 g. Because the canine circumflex coronary artery supplies on average 38.6±3.6%of the myocardial mass (Scheel et al., 1982) , in our dogs the circumflex coronary artery supplied an average of 80.7 g of myocardium. Therefore, the total collateral flow rate of 11 ml/min is equivalent to a collateral flow rate per gram of 0.14 ml/min per g, and this value was nearly identical to the value of 0.13 ml/min per g measured by the microspheres during circumflex occlusion.
In addition to this analysis of mean maximal collateral flow, in three dogs, we directly examined whether the collateral flow rates measured by the microspheres accounted for the difference between flow rates at the same perfusion pressure for the two pressure-flow relations over a wide range of pressure gradients. For each dog at each pressure gradient, we multiplied the observed collateral flow per gram by the estimated weight of myocardium supplied by the circumflex artery (Scheel et al., 1982) . This total collateral flow rate was then compared with the differences between flow rates at the same perfusion pressure for the two pressure-flow relations. In two of the three dogs the microsphere measurements of collateral flow accounted almost entirely for the differences between flows for the two pressure-flow relations ( Table 2) .
We considered an alternative mechanism that might explain how altering the pressure in the rest of the left main coronary artery can influence the pressure axis intercept in the region supplied by the circumflex artery. When pressures and flows are very low in the circumflex vascular bed while the heart is beating, there will be changes of regional Microspheres were injected at lower gradients in each dog, but no collateral flow was detectable. A = computed from microspheres; B = estimated difference in the flow rates at the same perfusion pressure between the pressure-flow relations derived in the presence and in the absence of gradients.
myocardial function due to ischemia, whether or not there are interarterial pressure gradients. However, when pressures are lowered in parallel in all branches of the left coronary artery, there will be global left ventricular ischemia, as well. We do not believe that our findings can be explained by the effects of global myocardial ischemia, because the differences between pressure-flow relations described when interarterial pressure gradients were present and were absent were similar in beating hearts and during diastolic arrest; in the latter, ischemia would be minimal or absent because the metabolic demand during cardiac arrest is only about 20% of that in the beating heart (McKeever et al., 1958; Monroe and French, 1960) . There is no doubt that ischemia would have occurred at low flows in the beating heart, but even then it could not explain our results. Although global ischemia could influence flow in the circumflex vascular bed by raising left ventricular end-diastolic pressure, the effect of such increased preload is to raise, not lower, the pressure axis intercepts (Aversano et al., 1984) .
Some previous studies in which circumflex preparations were used (Verrier et al., 1980; Klocke et al., 1981; Vlahakes et al., 1982) reported little or no significant effect of collateral flow on circumflex pressure-flow relations. These investigators lowered the pressure in the circumflex artery and then, after a steady state was reached, occluded the left anterior descending artery transiently to exclude collateral flow; they failed to find any resulting change in circumflex pressure or flow. This method, however, may yield misleading results. Occluding the left anterior descending artery would not exclude the substantial potential collateral contributions of the septal artery or of vessels proximal to the left anterior descending occluder or to the site of cannulation of the circumflex artery. Furthermore, the investigators also extrapolated over the lower range of perfusion pressures to obtain the pressure axis intercept and did not examine the range of perfusion pressures over which the effects of the collateral flow would have been the most prominent.
Conclusions
Our findings raise questions about the physiological significance of the shape and pressure axis intercept of steady state coronary arterial pressureflow relations. When circumflex pressure-flow relations were studied when they were interarterial pressure gradients, there was a decrease in curvature and an overestimation of the pressure axis intercept, which exaggerated the difference between the pressure axis intercept and the coronary sinus pressure. In contrast, when the circumflex pressure-flow relations were determined without gradients, the mean difference between the pressure axis intercept and the coronary sinus pressure was 5.0 mm Hg for the beating heart and even less-3.2 mm Hgduring long diastoles. Thus our study suggests the need to reassess whether there is indeed a downstream pressure that is greatly above coronary sinus pressure opposing forward pressure in the coronary circulation.
